Airliner cabins present more complicated scenario due to different design and operation challenges owing to the extreme environmental conditions, complexity of the operational systems, and the authorities that govern such environments. The scientific evaluation is rendered difficult due to lack of empirical evidence determining the airliner cabin air quality as well as consequent health effects occurring due to short or long flight exposure. Crew members and passengers report dizziness, fatigue, headaches, sinus and ear problems, dry eyes and sore throats during and after travel. There are persistent concerns about the transmission of infectious agents such as influenza, tuberculosis and measles viruses during flights. Moreover, a systematic collection of data related to airplane environmental exposures is not yet available and the effects of environmental conditions on wellbeing of travelers and their comfort level are yet to be fully ascertained. In this work, a systematic review of the air quality inside the airliner cabin are discussed. The potential pollutants and their established causes are discussed. In addition to this, major health discomforts faced by the occupants are presented.
Introduction
Since ancient times, it is known that polluted air is detrimental to health and constrained spaces are of more concern than the open atmosphere. According to WHO estimates, about 30-40% of respiratory diseases are caused by air pollution. Communicable diseases account for the single most important cause of ill health globally, constituting as high as 44% of the total [1] . The seriousness of this problem can be gauged by the fact that among the top ten causes of deaths, communicable diseases stands in seventh position, with lower respiratory infections on top [2] . According to the 2002 report of National Academy of Sciences, high concentration of aldehydes like formaldehyde and phosphate esters, and CO may cause neurological effects [3] . Cabin environments are generally subjected to low barometric pressure that may result in passenger and crew discomfort and health effects in susceptible people. One particular area of concerns is with respect to infants, who may be at higher risk for hypoxia under conditions of reduced oxygen partial pressure. Moreover, the low relative humidity also can have potential ill health effects and can result in the discomfort of dry mucus membranes. Eye, nose and respiratory tract irritation symptoms may continue even after the exposure is discontinued. Another important concern is that of ozone level at elevated altitudes. Respiratory problems like coughing, wheezing and asthma have been associated with elevated concentrations of ozone. Besides, aircraft regulations demand disinfections having high pyrethroid pesticides to be sprayed inside the cabin either during in-flight or prior to boarding, which might results in pesticide exposure and has been associated with respiratory illness [4, 5] . Although they are very low level of toxicity, they contain neurotoxins that can cause adverse health effects [6] . In addition to this, flying-related stress can aggravate the conditions among the patients having pre-existing illness such as anemia, asthma, emphysema and coronary arterial diseases.
The air supply can also contain de-icing fluid and exhaust fumes during ground operations [7, 8] . Besides, the per person ventilation rate in the aircraft is typically lower than in comparable groundbased environments. Consequently, bio-effluent levels and contaminants from cabin cleaners, deodorizers and off-gassing cabin materials are reported to be at higher levels [9] . Many guidelines and standards are evolved to address the air quality in air cabins. Table 1 presents a comparison of existing guidelines and standards for airplane cabins compiled by Boschi et al. [10] . 
Common Causes of Pollution inside Cabin Air
One of the serious causes of pollution inside the airliner cabin is the ozone concentration. As per FAR guidelines, the maximum limit for O 3 concentrations should be less than 0.25 ppm at altitudes of 10,700 m and it should not exceed 0.1 ppm for a time weighted average during any 3-hr interval above flight level 9000 m [11] . Ozone (O 3 ) is the primary ambient air pollutant of concern at cruise altitudes (9000-12 000m). The sun's ultraviolet radiation disassociates oxygen molecules (O 2 ) and the oxygen atoms associate with other O 2 to produce O 3 . Ozone itself is reactive and decomposes in the stratosphere either by photo dissociation or by catalytic destruction.
According to the study carried out by Bischof [12] , the highest O 3 concentrations in the cabin were experienced during high altitude, long distance flight at high latitudes in the spring. His study on 14 flights over polar areas reported concentrations greater than 0.1 ppm for 75% of the flight time, with maximal concentration of 0.4 ppm averaged over 4 hr and 0.6 ppm over 1 hr. This clearly shows that altitude, latitude and season have a strong bearing on O 3 concentrations. Ozone is known to react with several solvents, cleaning fluids and synthetic rubber materials inside the aircraft, leading to formation of compounds such as d-limonene, α-pinene, and isoprene [13, 14] . Although the air exchange rate in airplanes is higher compared to that in office or residential buildings, due to the time available for gas-phase (homogenous) chemical reaction to occur, the high ventilation rates inside the airliner tend to accelerate end reactions favoring the formation of unsaturated carboncarbon bonds and products with a range of volatilities. Volatile products desorb from the surface and enter the gas phase, in which they are diluted with ventilation air. Rates of volatilization and vapor pressure influence the deposition of semi-volatile products of heterogeneous O 3 chemistry (e.g., formaldehyde) [15] [16] . This implies that volatilization can occur for extended periods after the initial production, even when O 3 concentrations are close to zero. Also, surface concentrations might become large enough for the surface emission rates to exceed odor thresholds for some compounds. Crew members and passengers often indicate fatigue, dizziness, headaches, sinus and ear problems, dry eyes and sore throat during and after travel. Infectious diseases can be transmitted from person to person in aircraft on the ground and in flight. It is also known that people and crew members might travel while infected with common respiratory diseases [17, 18] Another serious cause of pollution is the leakage of engine oil linked to the air conditioning unit of the aircraft. The Australian Parliament conducted a Senate Investigation in 1999 into air safety and cabin air quality based on the concerns raised by crew members working for Ansett Airlines, who reported feeling unwell due to unpleasant odours of engine oil inside BAe 146 aircraft [19] . The Senate report concluded that the BAe 146 had a record of unpleasant odours in the cabin as well as occasional incidents of fumes from lubricating oil. Over a longer period, airline employees had reported a variety of adverse health effects. In the USA, similar problems were reported with Boeing 757 aircraft that was blamed on overfilling engine oil leading to contamination of the environmental conditioning system. Jet engine oils contain synthetic hydrocarbons and additives, including an organophosphate known as tricresyl phosphate (TCP), which is a toxic mixture that can cause a wide array of transitory or permanent neurological dysfunction when swallowed in sufficient quantity. DfT Aviation Health Working Group (AHWG) carried out cabin air monitoring for a range of potential chemical contaminants and data from a particle monitoring device showed very high number concentration of a very small aerosol particles [10] . The UK CAA Mandatory Occurrence Reporting (MOR) System in 2007 reported 116 fume events out of 1.3 million passenger and cargo flights, with fume events estimated to occur on 0.05% of flights overall (1 in 2000) . Of the 20,000 UK professional pilot population, the UK CAA Medical Department in 2008 was aware of 21 pilots reporting medical symptoms associated with exposure to cabin air fumes, of whom 10 are long term unfit [10] . Table 2 presents the data for selected flights of Boeing and Airbus compiled from the works of Australian Transport Safety Bureau, 2007 and work of Michaelis, 2007b [20, 21] . It is evident from the compilation that Boeing has the highest incidence of fume events when compared to Airbus. The British owned Boeing 757 has reported fume events of 444, which are very high for any given standards. In general, fume events occur irrespective of airliner employed. Therefore, it is of significant importance that indoor airline cabin/cockpit air quality is scientifically assessed. This will ensure safety and well being of occupants concerned. Some of the measures that have been taken by the aircraft manufacturers to improve the cabin air quality include improving air distribution system in aircraft cabin, employing catalytic converters in the air supply system to reduce ozone level and using cabin air filters to remove airborne particulate contaminant such as bacteria and viruses from the recirculated air. Major aircraft manufacturers such as Boeing and Airbus have conducted studies to evaluate the airflow quality of different air distribution patterns. These studies have influenced design and R&D of A350 and A380 aircraft directly. Boeing is also trying new design concepts to balance the relationship between cost economy and healthy cabin environment. The major conceptions has been discussed are the bottomin-top-out ventilation patterns with personalized inlets embedded in the seats or handrails. In this pattern, conditioned air is supplied from the under-floor inlets and is extracted at the ceiling level; personalized inlets supply conditioned air directly to the breathing region of passengers. However, studies have shown that this type of ventilation system could make the air quality worse for the standing passengers and may lead to a negative effect on pollutant control [22] . Mixing air distribution systems has also been used to distribute air in an aircraft cabin. Conditioned air is supplied at the ceiling level with a high velocity and then mixes with the air in the cabin. However, it was found that the mixing air distribution system could easily spread infectious airborne diseases, such as influenza and SARS, from one infected passenger to other passengers [23] . In order to improve the cabin air quality, it is therefore necessary to improve the air distribution systems. To meet FAR regulations, some airlines employ catalytic converters in the air supply system to reduce the ozone level. However, in the absence or malfunctioning of these converters, the ozone level can 390 AEROTECH V: Progressive Aerospace Research go substantially higher. Spengler et al. measured the average ozone concentration in 106 flights and found that the ozone concentration in 20% of the flights exceeded the 100 ppb limit [24] . Bhangar et al. collected real-time ozone data from 76 flights and found that ozone levels strongly varied with season and the presence or absence of an ozone converter [25] .
Passenger Discomfort and Health Issues
In aircraft cabin, people encounter a combination of environmental factors that include low humidity, reduced air pressure and potential exposure to air contaminants such as ozone (O 3 ), particulate matters, various volatile organic compounds (VOCs) and biological agents [2, 4] . Both occupant density and air tightness in aircraft cabin are much higher than in buildings [5] . Another concern is the patient discomfort associated with lower cabin pressure. As the aircraft climbs in altitude after take-off, the decreasing cabin air pressure causes gases to expand. Similarly, as the aircraft descends in altitude before landing, the increasing pressure in the cabin causes gases to contract. These changes may have effects where air is trapped in the body. Passengers often experience a "popping" sensation in the ears caused by air escaping from the middle ear and the sinuses during the climb. This is not usually considered a problem. As the aircraft descends in altitude prior to landing, air must flow back into the middle ear and sinuses in order to equalize pressure. If this does not happen, the ears or sinuses may feel as if they are blocked and pain can result. Besides, causing popping sensation in ears, it has severe effect of sinus of the nasal cavity. These aspects of human comfort have not been studied and require use of state of art computational fluid dynamics tool. Use of CFD can provide non-invasive tool to evaluate the impact of decreased cabin pressure on ear lobes as well as sinuses and help provide solution to overcome the discomfort.
The most common discomfort reported during air travel is popping ear syndrome resulting in extreme pain sometimes. A temporary state of hearing impairment occurs. In some cases, it can cause rupture of blood vessels leading to bleeding. The Eustachian tube originates in the rear of the nose adjacent to the soft palate, runs a slightly uphill course, and ends in the middle ear space. The middle ear space is the hollowed out portion of the skull bone that contains the hearing apparatus and is covered on one side by the eardrum. In adults, the Eustachian tube is approximately 35 mm long (1.3 inches) and approximately 3 mm in diameter [26] . The primary function of the Eustachian tube is to ventilate the middle ear space, ensuring its pressure remains at near normal environmental air pressure. Normally, Eustachian tube is closed, which helps prevent inadvertent contamination of the middle ear space by normal secretions found in the back of nose. A dysfunctional Eustachian tube that is always open is called a "patulous" Eustachian tube [26] . Barometric pressure changes can result in disturbances of the middle ear, commonly referred to as barotitis media, middle ear squeeze or ear block. A much more common problem is a failure of Eustachian tube to effectively regulate air pressure. Partial or complete blockage of the Eustachian tube can cause sensations of popping, clicking, and ear fullness and occasionally moderate to severe ear pain. Such intense pain is frequently experienced during sudden air pressure changes during airplane travel, particularly during take-off and landing [27] . As Eustachian tube function worsens, air pressure in the middle ear falls, and the ear feels full and sounds are perceived as muffled. Eventually, a vacuum is created which can then cause fluid to be drawn into the middle ear space (termed serous otitis media). If the fluid becomes infected, the common ear infection (suppurative otitis media) develops [26] . Flight manuals suggest chewing or frequent jaw movement to redress the problem of partial ear blockage. It is also suggested to use ear plugs to provide some relief. However, long distance travels and frequent jet pockets and turbulence can dramatically alter the cabin pressure resulting in frequent Eustachian tube dysfunction. The human respiratory system is a very complicated architecture. The threshold for increased ventilation is usually from 4,000 ft to 5,000 ft altitudes. The effect is predominant at approximately 22,000 ft wherein minute volume (respiratory rate multiplied by tidal volume) will approximately double. A change in tidal volume is responsible for the majority of this increase, rather than an increased respiratory rate [26] . Besides, there are several studies on the aerosol deposition patterns in upper airways using CFD [28] [29] [30] . However, no such study highlighting the effect of cabin pressure and altitude on the deposition patterns have not been carried out. Such a study would provide detailed understanding of the dynamics of nasal airflow associated with high altitude flights and would help resolve several complications arriving due to flight related travel such as dryness, headache, sinus air pockets [31] . Moreover, the effect of physiology of nasal cavity and its relative deposition patterns can studied in context of simulated cases [32] [33] . The effect is more severe in case of small kids and patients suffering from nasal discomforts such as septum deviation or those that have carried out turbinectomy [34] . People, with full turbinectomy have inherent tendency to feel inability to breath even under normal conditions due to lack of appropriate pressure gradient inside the nasal cavity. In absence of probes that could effectively capture pressure points at various locations inside the nasal cavity, a CFD study has the potential to formulate the effect of various altitudes and indoor pressure conditions on such patient specific cases. Under high altitude conditions gravity induced flow which tends to effect the flow sensation inside the nasal cavity [35] [36] . Besides, the amount of flow reaching the sensitive olfactory nerves are severely hampered which effects our smell perception [37] [38] [39] .
With the rapidly growing number of air passengers, more attention has been paid to increasing sensitivity of public to potential health implications of cabin air quality. Thus the understanding of current situation of various air contaminants in cabin environment is important to further develop effective contaminant source prediction methods, control strategies, standards and regulations. Furthermore, Malaysia aspires to be a major air traffic hub challenging Changi and Suvarmabumi Airports. Thus additional millions air traveler will pass through KLIA and the same plane will be used frequently. The turnaround time of the aircraft will be shorter, thus less time to clean and maintain the quality of the cabin air. This is expected to occur especially with the opening of KLIA 2 and it will become a new low cost airliners hub. It also may aggravate with new airliners to come to KLIA 2 especially from India and China.The arrival of the thousands of air passengers will also mean thousands of new germs and airborne bacteria's entering Malaysia. This calls for detailed investigation and calls for new healthcare regulation catering to airliner the cabin air quality which can address future circumstances.
Conclusions
There is a serious lack of evidence to realize the potential emission of these toxic substances during in-flight conditions. This becomes more critical when concerned with susceptible patients, small kids and frequent travelers. Very few research have been carried out to determine the constituent of cabin air over different flight conditions such altitude, cabin pressure, flight distance, ratio of size of aircraft to number of passengers, etc. Malaysia being one of the developed economies relies heavily on flight transport. Therefore, considering larger wellbeing of people, it is imperative to determine the quality of air on flight and classify its constituents.
